1. Introduction {#S2}
===============

Extensive effort has been expended in the past decades to characterize the biological function of NO in biology and medicine \[[@R1]--[@R6]\]. Scientists have exploited various techniques and methods including spectroscopic analysis, electrochemical sensors, fluorescent dyes, electron spin resonance, or chromatographic determinations to understand the complex NO metabolism in biological samples or even whole organisms \[[@R7]--[@R16]\]. On account of its major importance and relevance in physiology and pathological processes, the urgent need arose to visualize NO quantitatively, directly and with high accuracy in a dynamic manner \[[@R17],[@R18]\]. However, due to its low concentration, short lifetime, and extremely high reactivity with various reactive oxygen species, the direct real-time visualization of NO represents a serious challenge \[[@R17],[@R18]\]. All methods mentioned above have certain individual advantages; however, all of them have also severe disadvantages that limit their application to answer specific question related to NO signaling \[[@R17],[@R18]\]. Most approaches provide only a direct or indirect read-out of NO values averaged over a population of cells. Single cell imaging techniques are quite different and enable scientists to gain important insights in cell signaling events \[[@R19],[@R20]\]. Moreover, single cell imaging approaches provide high-content information about the spatiotemporal patterns of molecular processes and reveal cell-to-cell variabilities \[[@R21],[@R22]\]. Such highly informative readouts can be obtained by high-resolution microscopy of fluorescent probes within cells \[[@R23]--[@R25]\]. Thanks to the remarkable technological progress in the field of fluorescent biosensor development during the preceding years we are now able to selectively visualize NO and NO-related species in a real-time manner on the cellular or even subcellular level \[[@R20],[@R23],[@R25]\]. By employing variously colored and targeted probes in a given cell, this approach also enables measurements of different signals such as NO and Ca^2+^ dynamics simultaneously and in distinct subcellular locals \[[@R26]--[@R28]\]. In this review we introduce and summarize features of novel genetically encoded sensors (GES) for NO imaging which have been developed recently.

2. Genetically encoded fluorescent sensors (GES), the basic principles {#S3}
======================================================================

GES are indispensable tools that have revolutionized and accelerated biological studies \[[@R24],[@R29]\]. Until now, more than 100 different GES have been developed to monitor distinct biomolecules and (sub)cellular processes including metabolites, signaling molecules, ion fluxes, and enzymatic activities with high spatial and temporal resolution \[[@R19],[@R22],[@R29]\]. Apparently, the development of novel GES and improvements of existing GES are ongoing processes \[[@R29]\]. Based on their operating principle, GES are usually further divided into different classes ([Table 1](#T1){ref-type="table"} and [Fig. 1](#F1){ref-type="fig"}.) \[[@R19]\].

Class 1 GES comprise a huge family of constructs, designed to visualize the subcellular distribution of signaling proteins by fusing it to a fluorescent protein (FP) variant ([Fig. 1A](#F1){ref-type="fig"}.). Single cell imaging of cells expressing FP fusion constructs can provide a high-resolution readout of certain cell activities, if the FP-tagged protein significantly changes its subcellular location during specific cell signaling events \[[@R30],[@R31]\]. In several studies, expression of eNOS fused to GFP or other FPs has been used to visualize the subcellular localization and translocation of the NO producing enzymes in single cells in response to diverse stimuli and stresses \[[@R26],[@R44]--[@R47]\]. These experiments demonstrated that the subcellular localization of eNOS is dynamically altered. The subcellular localization of eNOS determines its enzymatic activity, which is known to be tightly regulated by protein-protein interactions, the local availability of (co)substrates, second messengers such as Ca^2+^, and diverse posttranslational modifications of the enzyme \[[@R26],[@R44]--[@R48]\]. However, the visualization of dynamic NOS-FP translocation events in single cells might, if at all, only represent an indirect readout of NO formation as NOS redistributions not necessarily correlate with its enzymatic activity.

Class 2 GES are intensity based probes. Here the fluorescence intensity of a single FP is affected by the concentration of the analyte of interest ([Fig. 1B](#F1){ref-type="fig"}.). In its simplest form the intrinsic sensitivity of some naturally occurring or mutated FP to *e.g.* H^+^ or chloride (Cl^-^) is exploited to measure the dynamics of intracellular pH or Cl^-^ variations, respectively \[[@R32],[@R33]\]. In addition, a novel class of genetically encoded NO probes, the geNOps, which will be described in detail later in this review, represent single FP quenching-based NO indicators and, hence, are rationally designed as a class 2 GES \[[@R27]\]. In geNOps the NO sensitivity of FPs, which naturally remain unaffected by NO, was introduced by fusing a bacteria-derived NO binding domain directly to FP variants in order to bring the radical in close vicinity to the FP chromophore \[[@R27]\].

Another class of single FP-based probes, referred to as class 3 GES, are ratiometric probes as their spectral properties are mutually affected by binding of the analyte of interest ([Fig. 1C](#F1){ref-type="fig"}.). Most of these probes contain circularly permuted FPs conjugated with respective sensor domains. The Ca^2+^ sensitive pericams and GECOs as well as the hydrogenperoxide (H~2~O~2~) sensitive HyPer and HyPerRed are examples of class 3 GES \[[@R34]--[@R37]\]. Respective ratiometric single FP-based probes sensitive to NO have not been developed so far.

Many GES (class 4, 5, and 6) are based on Förster resonance energy transfer (FRET), a phenomenon that occurs when two fluorophores with overlapping excitation and emission spectra are closely aligned \[[@R38],[@R39]\]. FRET-based GES naturally provide a ratiometric read-out. The FRET ratio signal may respond to the binding of an analyte (class 4, [Fig. 1D-E](#F1){ref-type="fig"}.), posttranslational modifications (class 5, [Fig. 1E](#F1){ref-type="fig"}.) or the cleavage of a peptide motif (class 6, [Fig. 1F](#F1){ref-type="fig"}.). As a consequence the distance between the FRET-donor and FRET-acceptor FP and hence the FRET ratio signal is either increased or decreased \[[@R38]--[@R43]\]. Many FP variants are available for engineering FRET-based probes \[[@R19],[@R24]\]. However, FRET-based GES most frequently consists of cyan FPs (CFPs) and yellow FP variants (YFPs) as FRET donors and FRET acceptors, respectively \[[@R38]--[@R41],[@R43]\]. In addition, red-shifted FRET based probes have been developed using green FPs (GFPs) and orange (OFPs) or red FPs (RFPs), respectively \[[@R49],[@R50]\]. While red-shifted FRET-based GES often have a lower dynamic range, they can be spectrally separated from UV-excitable indicators such as fura-2, a popular small chemical Ca^2+^ probe, to correlate the spatiotemporal patterns of certain cell signaling events with Ca^2+^ signals in one given cell \[[@R49],[@R51]\]. For the development of direct and indirect genetic NO probes the FRET-technology has been exploited as described in [chapters 3.2](#S6){ref-type="sec"}, [4.1](#S8){ref-type="sec"} and [4.2](#S9){ref-type="sec"}.

3. Direct NO probes {#S4}
===================

3.1. The geNOps, differently colored FP quenching-based NO probes {#S5}
-----------------------------------------------------------------

We have recently developed a novel class of genetically encoded NO probes, which we named geNOps \[[@R27]\]. These probes consist of different FP variants directly fused to a bacteria derived NO binding domain ([Fig. 2](#F2){ref-type="fig"}.). This domain, referred to as GAF, selectively binds NO *via* a non-heme iron(II) center ([Fig. 2](#F2){ref-type="fig"}.). GAF is actually the NO sensitive domain of the transcription factor NorR, which is expressed in intestinal bacteria to protect them from toxic NO by inducing the expression of enzymes that convert NO to non-toxic laughing gas, the dinitrogen monoxide molecule (N~2~O) \[[@R52]\]. However, in geNOps the NO-binding GAF domain brings the radical in close vicinity to the chromophore of FPs, thereby probably affecting the electron density resulting in an immediate loss of fluorescence ([Fig. 2](#F2){ref-type="fig"}.) \[[@R27]\]. Importantly, when NO dissociates from geNOps their fluorescence is fully recovered. Accordingly, geNOps enable the real-time visualization of NO dynamics on the level of individual cells using fluorescence microscopy \[[@R27],[@R28]\].

Others and we have used the differently colored geNOps to investigate NO signals in endothelial cells, vascular smooth muscle cells and HEK293 cells expressing eNOS, nNOS or iNOS under various experimental conditions \[[@R26],[@R27],[@R53]\]. The geNOps proved suitable to correlate Ca^2+^ and NO signals by combining fura-2 with either the green or orange geNOp, G-geNOp and O-geNOp, respectively \[[@R26],[@R27]\]. In a recent video article we have introduced this powerful approach describing the respective protocol steps in detail \[[@R28]\]. Moreover, mitochondria targeted geNOps have been developed and used to visualize NO signals within this important organelle in endothelial cells \[[@R27]\]. Interestingly, we found a positive correlation between mitochondrial Ca^2+^ uptake and eNOS-mediated NO production exploiting the geNOps technology \[[@R26]\]. While the molecular mechanisms responsible for this phenomenon have not yet been discovered, these findings might lead to novel therapeutic strategies for the treatment of cardio-vascular diseases that are related to a disturbed NO homeostasis \[[@R26]\]. Recently, primary smooth muscle cells were infected with an AVV5 virus coding for C-geNOp in order to study the conversion of nitroglycerin to NO by the aldehydehydrogenase isoform 2 (ALDH2) and a respective ALDH2 mutant on the level of individual cells \[[@R53]\]. The usage of geNOps in HEK293 cells expressing different NOS isoforms unveiled that nNOS produces NO much faster and in a pulsatile manner compared to eNOS \[[@R54]\]. The kinetics of nNOS-mediated NO signals remain to be investigated in neurons, cardio myocytes and skeleton muscle cells, which endogenously express the NO-generating enzyme \[[@R54]\]. In order to estimate basal NO levels and visualize the arginine dependency of NO formation in cells expressing the constitutively active iNOS, we recently developed a novel double FP-based geNOp variant, the cyan-red geNOp (CR-geNOp, [Fig. 3](#F3){ref-type="fig"}.). This construct consists of CFP fused to the NObinding GAF domain, which is further fused to RFP *via* a rigid linker ([Fig. 3](#F3){ref-type="fig"}.). Importantly, while the fluorescence of CFP remains fully sensitive to NO, the red fluorescence of RFP remains insensitive to NO within this construct. Thus, CR-geNOp represents a (pseudo)ratiometric NO probe in which the RFP/CFP fluorescence ratio signal is a direct and real-time readout of the cellular NO concentration. The geNOps have so far not been used *in vivo*. Currently, we are working on the expression of G-geNOp and the ratiometric CR-geNOp in neurons of living mice in order to test the applicability of the geNOps technology for two-photon intra-vital microscopy. This approach will also unveil whether iron(II) supplementation is required *in vivo*. Notably, in order to obtain full NO responsiveness when using geNOps expressed in cells *in situ*, iron(II) supplementation was essential \[[@R27]\]. While a non-toxic iron (II) fumarate medium was developed for this purpose, the procedure of iron(II) supplementation might restrict the applicability of the geNOps technology. As most FP-based probes, the geNOps are more or less sensitive to pH fluctuations depending on the FP variant \[[@R27]\]. Hence, possible intracellular pH alterations need to be considered thoroughly when using the geNOps technology. Importantly, an acidification reduces the fluorescence intensity of the cyan, green, and yellow geNOp variants independently of cellular NO levels. Hence, any procedures and mechanisms that significantly increase the H^+^ concentration in cells or cellular organelles give a false positive NO signal as respective geNOps lose fluorescence intensity as if they would bind NO. In contrast, a cellular or subcellular alkalization will increase the fluorescence intensity of FPs and hence simulate a reduction of intracellular NO levels. Accordingly, both the parallel measurement of intercellular pH levels using *e.g.* genetically encoded pH probes and the usage of NO-insensitive mutated geNOps with unaltered pH sensitivity as negative controls are recommended to discriminate between real and false NO signals when using the geNOps technology \[[@R27]\].

3.2. The FRET-MT, a metallothionein-based NO reporter {#S6}
-----------------------------------------------------

Pearce and colleagues developed a NO-sensitive protein-based chimeric construct by fusing CFP and YFP to the C- or N-terminal ends of human type IIa metallothionein (hMTIIa), respectively ([Fig. 4](#F4){ref-type="fig"}.) \[[@R55]\]. Metallothioneins (MTs) are cysteine-rich intracellular proteins capable of binding metal ions such as cadmium, copper or zinc \[[@R56],[@R57]\]. There is evidence that MTs are important for regulating metal ion homeostasis and the cellular redox status, whereas their cellular signaling functions as well as physiological and pathological roles are largely unexplored \[[@R57]--[@R60]\]. However, several studies showed that NO directly reacts with MTs, which might be part of a NO-sensitive downstream signaling pathway in endothelial cells and reduce NO cytotoxicity \[[@R61]--[@R64]\]. Based on these observations and reports that emphasized the release of metal ions from MTs in the presence of NO, the authors tested if NO directly affects the conformation and, hence, FRET ratio signal of the FRET-MT construct \[[@R55],[@R59],[@R61],[@R62]\]. Indeed, the addition of NO to purified FRET-MT increased CFP fluorescence and decreased the respective FRET signal ([Fig. 4](#F4){ref-type="fig"}.) \[[@R55]\]. This experiment proved that NO reacts with this human MT isoform, thereby affecting its structural conformation and probably also its metal ion binding capacity. Importantly, this phenomenon can be exploited to visualize NO increases *in vitro* as well as in biological samples \[[@R55]\]. Thus FRET-MT represents the first genetically encoded probe, able to directly respond to the increase of cellular NO levels. In the absence of the radical FRET-MT shows high FRET, while the reaction of NO with the central MT domain significantly reduces FRET as a consequence of a NO-induced steric rearrangement ([Fig. 4](#F4){ref-type="fig"}.) \[[@R55]\]. As shown in another study, NO might affect the structure of the MT motif in a permanent manner by releasing the metal ions from the protein \[[@R59]\]. It is, however, unclear whether NO remains bound to the ion-free domain \[[@R59],[@R65],[@R66]\]. Furthermore it is unknown, how fast metal ions might reconstitute the MT structure in the absence of NO \[[@R65],[@R66]\]. The so far published *in vitro* and *in situ* data are not conclusive on whether the probe senses NO in a fully reversible manner \[[@R67]--[@R70]\]. In their paper the authors mainly used FRET-MT to visualize the binding of NO to MT to determine the role of this molecular process in NO signaling in vascular tissue \[[@R55]\]. The characteristics of FRET-MT as a NO reporter remain widely elusive \[[@R55]\]. Thus, further investigations are necessary to determine the on- and off kinetics, the dynamic range, sensitivity and selectivity of FRET-MT to sense NO *in vitro* and living cells. Moreover, the NO-induced release of metal ions from the MT domain might impact cell fate and, hence, limit the applicability of FRET-MT \[[@R71]\]. Altered cell signaling events in response to the over-expression of MT domains and metal ion release should be considered as well, when interpreting results using FRET-MT to assess NO signals in living cells or animals \[[@R69],[@R71]\]. Nevertheless, the FRET-based construct was successfully used to monitor NO elevations on the level of individual sheep pulmonary endothelial cells upon Ca^2+^ mobilization \[[@R55],[@R69],[@R72]\]. FRET-MT expressed in endothelial cells reported quite slow increases of NO upon cell treatment with fast Ca^2+^ mobilizing inositol 1,4,5-trisphosphate (IP~3~)-generating agonists such as carbachol and bradykinin \[[@R55],[@R69]\]. Recently, the slow mode of eNOS-mediated NO biosynthesis despite fast cytosolic Ca^2+^ signals was also shown with the geNOps, in primary endothelial cells as well as in an endothelial cell line (EA.hy926) and HEK 293 cells expressing eNOS-RFP \[[@R26],[@R54]\]. The comparison of all these data indicates that NO is produced slow and gradually upon activation of eNOS by Ca^2+^-mobilizing agonists, while the different genetically encoded NO reporter, FRET-MT as well as geNOps, are able to detect fast cellular NO levels due to their fast on kinetic. Indeed, the FRET ratio signal of FRET-MT expressed in sheep pulmonary aortic endothelial cells strongly and rapidly responded to 1 mM NO, indicating that the probe is suitable to monitor prominent cellular NO elevations in a dynamic manner when NO is applied extracellularly \[[@R55]\]. Overall, the usage of MT to develop FRET-based NO probes represents a promising approach. Other MT isoforms from different species might be used in future to generate novel FRET-based NO probes with probably improved characteristics. In this regard testing novel FP variants optimized for FRET-based probes also seems promising to adjust *e.g.* the pH sensitivity and dynamic range of future NO-sensitive FRET-MTs.

4. Indirect NO probes {#S7}
=====================

4.1. NOA-1, a bipartite amplifier-coupled fluorescent NO probe based on a cGMP indicator {#S8}
----------------------------------------------------------------------------------------

Sato and his colleagues developed a sophisticated genetically encoded fluorescent indicator system, which is able to detect cellular NO in the low nM range with a detection limit of approximately 0.1 nM \[[@R73]\]. The whole construct consists of the α- and β subunits (sGCα and sGCβ) of the NO-sensitive soluble guanylate cyclase (sGC). Both subunits of the enzyme are fused with a genetically encoded FRET-based cGMP indicator ([Fig. 5](#F5){ref-type="fig"}.) \[[@R73]\], which is called CGY and had been developed by the same researchers \[[@R74]\]. Upon NO binding to the heme group of the sGCβ subunit the enzymatic conversion of GTP to cGMP by the whole heterodimeric enzyme is boosted. The FRET-based cGMP indicator CGY then senses the increase of cGMP as an amplified measure of the cellular NO concentration ([Fig. 5](#F5){ref-type="fig"}.) \[[@R73]\].

This bipartite probe has been named NOA-1, which stands for "a fluorescence indicator for NO with a signal amplifier" \[[@R73]\]. The rational design of this amplifier-coupled fluorescent NO probe is impressive and it has been convincingly demonstrated that NOA-1 is suitable to detect small intracellular NO fluctuations using CHO and endothelial cells in response to the repetitive additions of NO-liberating compounds and the activation of eNOS \[[@R73]\]. Although this highly sensitive single-cell NO detection approach was introduced almost 13 years ago, other researchers have not picked it up so far. What might discourage scientist applying NOA-1? One main limitation of NOA-1, is based on the fact that two bulky fusion constructs, the sGCα-CGY and sGCβ-CGY, need to be co-expressed in approximately the same amount to reconstitute the sophisticated NO-sensitive reporter system \[[@R73]\]. Adequate co-expression of both NOA-1 components might be well achievable in easy-to transfect cell lines, but represents a real challenge when using primary endothelial cells, cardiomyocytes, macrophages or neurons. These cell types endogenously produce NO and are therefore of special interest for NO researchers, however, they are often difficult to transfect \[[@R75]--[@R78]\]. Probably to overcome this limitation Sato and colleagues soon generated a cell-based indicator, referred to as Piccell, using the same NO detection principle \[[@R79]\]. For this purpose they selected a pig kidney-derived cells line, the PK15 cells, which endogenously and constantly express the α- and β-subunits of sGC. Using an antibiotic-containing selection medium they were then able to generate a stable fluorescent PK15 clone expressing the genetically encoded FRET-based cGMP indicator, CGY. In co-culture experiments these fluorescent NO-sensitive cGMP sensor cells could be used to visualize the release of NO from endothelial cells and neurons. In addition, the cell-based system was used to investigate the NO diffusion process by uncaging caged NO. Although this method showed exceptional sensitivity to NO allowing the detection of NO signals in the pM range, the Piccell technology has so far not been used commonly to investigate cellular NO signaling. As both NOA-1 ([Fig. 5](#F5){ref-type="fig"}.) as well as Piccell actually sense the downstream second messenger cGMP and not NO, these methods provide only an indirect readout of cellular NO fluctuations. Pathways that influence the synthesis and breakdown of cellular cGMP influence the fluorescence signals as well and, hence, produce false results. This becomes obvious in the presence of sGC inhibitors such as NS 2028, which abolish or blunt the GCY FRET ratio signal, and inhibitors of phosphodiesterases such as zaprinast, which boost respective fluorescence signals, despite unaltered cellular NO levels \[[@R79]\]. Accordingly, the cellular cGMP homeostasis needs to be thoroughly considered when interpreting results obtained with the highly sensitive, but in fact indirect NO reporter systems.

4.2. The sNOOOpy, a FRET-based sensor for nitrate and nitrite {#S9}
-------------------------------------------------------------

In biological systems the short-lived NO radical is rapidly metabolized by the stepwise oxidation to stable nitrite (NO~2~^−^) and nitrate (NO~3~^−^) \[[@R80]\]. Hence, the quantification of NO~2~^−^ and NO~3~^−^ levels in biological samples is frequently used as an indirect endpoint measure of cellular NO production \[[@R73],[@R79]\]. For this purpose different methods for the determination of NO~2~^−^ and NO~3~^−^ are available. The classical Griess assay is most frequently used to indirectly estimate NO biosynthesis. It is based on an easy-to-use colorimetric detection method \[[@R8],[@R73],[@R79]\]. Interestingly, recent studies indicated that NO can be reformed from NO~2~^−^ and NO~3~^−^ under certain conditions *in vivo* \[[@R81],[@R82]\]. This "NO~2~^−^- NO~3~^−^-NO" pathway most likely represents an important NO source in addition to the cellular NOS-mediated NO generation \[[@R81],[@R82]\]. Accordingly, based on the close correlation between cellular NO~2~^−^/NO~3~^-^ levels and the NO metabolism, the quantitative visualization of NO~2~^−^/NO~3~^-^ dynamics might represent an informative indirect readout of the cellular NO homeostasis \[[@R73],[@R79]\]. In 2016 the visualization of NO~2~^−^/NO~3~^-^ levels in living cells became possible by a FRET-based genetically encoded fluorescent reporter, named sNOOOpy (sensor for NO~2~^−^/NO~3~^-^in physiology) \[[@R83]\]. As shown in [Fig. 6](#F6){ref-type="fig"}. sNOOOpy consists of two proteins, NasT and NasS, derived from the bacterium *Bradyhizobium japonicum*. The bacteria-derived proteins were fused with CFP and YFP, respectively \[[@R83],[@R84]\]. In the absence of NO~2~^−^ and NO~3~^−^ CFP-NasT and NasS-YFP interact with each other and form a heterodimer, which gives a significant FRET signal ([Fig. 6](#F6){ref-type="fig"}.) \[[@R83]\]. In the presence of either NO~2~^−^ or NO~3~^−^ the FRET ratio signal declines due to binding of NO~3~^−^/NO~2~^−^ to NasS-YFP ([Fig. 6](#F6){ref-type="fig"}.) \[[@R83]\]. The reaction turned out to be fully reversible and the FRET-based sNOOOpy responds to NO~3~^−^/NO~2~^−^ in a concentration dependent manner \[[@R83]\]. The NO~3~^−^/NO~2~^---^selective sNOOOpy also remains functional in mammalian cells, indicating that the fluorescent probe is suitable to specifically visualize intracellular NO~3~^−^/NO~2~^−^ dynamics \[[@R83]\]. Interestingly, the inventors of sNOOOpy generated a mammalian expression plasmid in which the DNA sequence coding for a self-processing 2A peptide was inserted between the two DNA regions encoding CFP-NasT and NasS-YFP in order to express both parts in equal amounts \[[@R83]\].

So far, the probe has been used to measure NO~3~^−^ and NO~2~^−^ uptake of single HeLa cells upon addition of the anions \[[@R83]\]. The single cell experiments unveiled that sNOOOpy is less sensitive when expressed in living cells compared to experiments with the recombinant components of the protein-based probe. However, sNOOOpy represents a promising highly selective NO~3~^−^/NO~2~^−^ sensor that might help to unveil missing links between the cellular NO homeostasis and NO~3~^−^/NO~2~^−^ dynamics. Further experiments exploiting sNOOOpy in combination with direct NO probes such as the geNOps in NO producing cells have the potency to increase our understanding of the complex, probably cell type specific metabolism of these important nitrogen species \[[@R27]\].

4.3. The pnGFP, a single FP-based peroxynitrite (ONOO^-^) reporter {#S10}
------------------------------------------------------------------

Redox signaling by nitrogen species particularly peroxynitrite (ONOO^-^) has been implicated in both physiological and pathophysiological conditions \[[@R85]--[@R87]\]. ONOO^−^, a product of the fast reaction between superoxide anions (O~2~^−^) and NO, is an important redox signaling molecules with strong oxidative property \[[@R88]\]. As most ONOO^-^ in cells originates from this reaction, detection of ONOO^-^ might be used as an indirect measure of cellular NO and O~2~^−^ levels and dynamics \[[@R89],[@R90]\]. However, due to the short half-life of ONOO^-^ in biological samples, it is quite difficult to quantify or visualize the reactive molecule under both physiological and pathological conditions in living cells \[[@R17],[@R18]\]. In 2013, a group of researchers from the University of California could go beyond this limitation by creating a novel semi-synthetic genetically-encoded probe called pnGFP, which is selectively sensitive to ONOO^-^\[[@R91]\]. It has been well-recognized that boronate organic dyes can specifically react with peroxynitrite \[[@R92]\]. Therefore, the scientists site-specifically introduced a boronic acid moiety into a circularly permuted green fluorescent protein by a synthetic biology approach. One mutant of this approach was named pnGFP, a sensor, which increases green fluorescence in response to ONOO^−^ ([Fig. 7](#F7){ref-type="fig"}.). The pnGFP is derived from a conversion of superfolder GFP to circularly permuted topology (cpsGFP). The pnGFP responded well to ONOO^-^ but not to other reactive oxygen species such as hydrogenperoxide (H~2~O~2~), hypochlorous acid (HOCl), the hydroxyl radical (OH^•^), tert-butyl hydroperoxide (HOOtBu) and importantly O~2~^−^ and NO \[[@R91],[@R92]\]. The pnGFP was also applied in mammalian cells by constructing a mammalian expression vector, which was used to express the protein-based semi-synthetic ONOO^−^ sensor in HEK293T cells. Addition of p-boronophenylalanine and expression of a special polyspecific synthetase is however necessary to successfully express functional pnGFP in mammalian cells. The requirement to introduce p-boronophenylalanine as a synthetic amino acid into pnGFP clearly limits the applicability of this sensor, particularly, as an expanded genetic code system is required. However, HEK293T cells expressing pnGFP showed a prominent fluorescence signal in response to SIN-1 treatment \[[@R91]\], a peroxynitrite-liberating compound. As expected, the selectivity of the probe to ONOO^-^ remained high in living cells. Thus, the chemoselective and sensitive ONOO^-^ probe seems suitable for investigating NO-related ONOO^-^ generation under physiological and pathological conditions on the level of individual cells. However, further systematic studies are essential to evaluate the real potential of pnGFP. While pnGFP responds to ONOO^-^ in an irreversible manner ([Fig. 7](#F7){ref-type="fig"}), additional applications of this refined probe might have the potency to deepen our understanding of the spatiotemporal patterns of specific subcellular ROS signaling processes. Moreover, it remains to be tested if based on this principle other FP variants are also suitable to generate ONOO^−^ probes. Such attempts might yield differently colored protein-based ONOO^−^ sensors, which are due to their distinct spectral properties, can be combined with additional indicators to simultaneously detect diverse ROS species and signaling events in one given cell.

5. Conclusion {#S11}
=============

In the last two decades, different research groups have developed several genetically encoded fluorescent probes to visualize NO and its metabolites in single cells. However, only few researchers have applied these powerful probes so far. It might take some more time until the majority of the scientific community is ready to use NO selective GES, which may allow working on so far inaccessible issues. Undoubtedly, novel FP-based probes with improved characteristics in terms of their sensitivity, selectivity, spectral properties and applicability will inspire researchers from different fields to perform insightful single cell NO imaging experiments in the near future. As in the case of other GES including different Ca^2+^ indicators, NO probes might soon allow investigating NO signals *in vivo* using informative animal models. With the development of geNOps, NOA-1, MT-FRET, pnGFP and sNOOOpy the technical basis has been set -- we now need to the take the next steps in a systematic and concerted manner.
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![Basic principle of different single and double FP-based genetically encoded probes.\
(**A**) Basic principle of a translocation based probe. (**B**) A single FP based probe, where the FP is genetically fused to only one substrate specific domain. Binding of the analyte leads to a loss of fluorescence intensity. (**C**) A single FP-based ratiometric probe is depicted, which can be excited at two distinct wavelengths. Binding of the analyte induces the interaction of the two anayte-specificdomains. This affects the protonation status of the chromophore, which results in a shift of its spectral properties. (**D**) Schematic illustration of a FRET-based sensor which is activated by a conformational change upon binding of the analyte of interest to the substrate-specific domain. In the presence of the analyte FRET from CFP to YFP increases in a reversible and concentration dependent manner. Examples for commonly used FRET pairs are CFP/YFP, GFP/OFP, and BFP/GFP. (**E**) Illustration also represents a FRET based mechanism as shown in panel D. But here the conformational activation is triggered by a phosphorylation event. (**F**) Schematic overview of a protease-activated FRET sensor. The initial FRET decreases upon cleavage of the connecting domain, which consists of a cleavage site, in an irreversible manner. Examples for these kind of sensor are caspase-reporting probes.](emss-78098-f001){#F1}

![Basic principle of geNOps.\
The geNOps are chimeric constructs, which consist of FP variants, *e.g.* GFP, directly fused with a highly selective non-heme iron(II) NO binding domain. When using the probes in cells, an iron(II)-loading procedure is required (upper panel) to receive full NO responsiveness of the probes. NO binds in a reversible manner to geNOps, thereby inducing a loss of fluorescence intensity, which is fully recovered in the absence of the radical (lower panel).](emss-78098-f002){#F2}

![Basic principle of CR-geNOp.\
The CR-geNOps consists of the NO sensitive CFP and the NO insensitive RFP. Due to the different chromophore and the distance to the NO binding GAF domain, the fluorescence of the RFP remains unaffected by NO. Accordingly, the probe can be used as a (pseudo) ratiometric NO sensor.](emss-78098-f003){#F3}

![Basic principle of FRET-MT.\
In the absence of NO FRET-MT has a globular structure, which is stabilized by several Zn^2+^ ions yielding high FRET (left panel). NO binding to the MT domain yields a structural rearrangement. Thereby Zn^2+^ ions are released and the distance between the terminal CFP and YFP is significantly increased resulting in a decreased FRET ratio signal. The probe was mainly developed to confirm the interaction of NO with MT, but also used to measure NO *in vitro* and in living endothelial cells upon Ca^2+^ mobilization or the administration of NO and NO-donors.](emss-78098-f004){#F4}

![Basic principle of NOA-1.\
NOA-1 represents a bipartite probe, which consist of the αsGC subunit fused to CGY, a FRET-based cGMP probe, and the βsGC subunit also fused to a CGY (upper panel). Upon NO binding to the βsGC-subunit the active heterodimeric sGC is formed and converts GTP into cGMP (middle panel). The NO-induced formation of cGMP is subsequently visualized with the FRET-based cGMP probe, named CGY (lower panel), which shows increased FRET in the presence of cGMP.](emss-78098-f005){#F5}

![Basic principle of sNOOOpy.\
The sNOOOpy system consist of two FP-fusion constructs, CFP-NasT and NasS-YFP, which interact in the absence of NO~3~^−^/NO~2~^−^ yielding high FRET (left panel). Upon binding of either NO~3~^−^ or NO~2~^−^ to the NasS domain the heterodimer falls apart resulting in reduced FRET (right panel).](emss-78098-f006){#F6}

![Basic principle of pnGFP.\
The semisynthetic pnGFP is a superfolder GFP variant, which consists a ONOO^-^ sensitive boronic acid moiety. Upon ONOO^-^ binding green fluorescence is increased.](emss-78098-f007){#F7}

###### 

Classes of genetically encoded fluorescent sensor.

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Class 1 GES:
  Translocation based probes, which report cell signaling events by alterations of local fluorescence accumulations ([Fig. 1A](#F1){ref-type="fig"}.) \[[@R30],[@R31]\].
  Class 2 GES:
  Intensity based single fluorescent protein (FP) probes, which sense dynamics of ion concentrations by changing their fluorescence intensity ([Fig. 1B](#F1){ref-type="fig"}.) \[[@R32],[@R33]\].
  Class 3 GES:
  Ratiometric single FP probes that sense cell signaling events by distinct changes of their spectral properties ([Fig. 1C](#F1){ref-type="fig"}.) \[[@R34]--[@R37]\].
  Class 4 GES:
  Förster resonance energy transfer (FRET)-based probes, which are activated by conformational changes of the probe in the presence of the analyte ([Fig. 1D-E](#F1){ref-type="fig"}.) \[[@R38],[@R39]\].
  Class 5 GES:
  FRET-based sensors for enzyme activity or activation. These probes are modified by enzymes which affects their conformation and, hence, the FRET signal ([Fig. 1E](#F1){ref-type="fig"}.) \[[@R40],[@R41]\].
  Class 6 GES:
  FRET-based sensors, which are activated by enzyme cleavage *e.g.* caspase sensors ([Fig. 1F](#F1){ref-type="fig"}.) \[[@R42],[@R43]\].
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
